Factor H (FH) binds apoptotic cells to limit the inflammatory potential of complement. Here we report that FH is actively internalized by apoptotic cells to enhance cathepsin L-mediated cleavage of endogenously expressed C3, which results in increased surface opsonization with iC3b. In addition, internalized FH forms complexes with nucleosomes, facilitates their phagocytosis by monocytes and induces an anti-inflammatory biased cytokine profile. A similar cytokine response was noted for apoptotic cells coated with FH, confirming that FH diminishes the immunogenic and inflammatory potential of autoantigens. These findings were supported by in vivo observations from CFH − / − MRL-lpr mice, which exhibited higher levels of circulating nucleosomes and necrotic cells than their CFH +/+ littermates. This unconventional function of FH broadens the established view of apoptotic cell clearance and appears particularly important considering the strong associations with genetic FH alterations and diseases such as systemic lupus erythematosus and age-related macular degeneration. Factor H (FH), one of the most abundant plasma proteins, is the major soluble inhibitor of the alternative complement pathway. Apoptotic cells bind FH while triggering complement activation by binding of C1 complex, which ensures efficient opsonization and removal of apoptotic debris but prevents excessive complement activation and inflammation.
Factor H (FH), one of the most abundant plasma proteins, is the major soluble inhibitor of the alternative complement pathway. Apoptotic cells bind FH while triggering complement activation by binding of C1 complex, which ensures efficient opsonization and removal of apoptotic debris but prevents excessive complement activation and inflammation.
1,2 Dysregulation of complement contributes significantly to the pathology of many diseases. 3 Recently, novel roles and intracellular location for complement have been identified suggesting that its functions exceed our current understanding. 4 After previously identifying the ligands for FH on the apoptotic cell surface as dsDNA, histones and annexin A2, 5 we sought to explore the functional consequences of the FH-apoptotic cell interaction in the context of the chronic autoimmune disorder systemic lupus erythematosus (SLE) and age-related macular degeneration (AMD). Aberrant apoptosis and impaired clearance of apoptotic cells are of central importance in the pathogenesis of SLE and lead to formation of autoantibodies. [6] [7] [8] Anti-chromatin autoantibodies are a hallmark of SLE and anti-annexin A2 autoantibodies are also frequently observed in SLE patients. 9 Interestingly, the corresponding autoantigens are exactly those that we identified as ligands for FH on the apoptotic cell surface, suggesting a possibility of disturbance of FH function in SLE. Glomerulonephritis is one typical manifestation of human SLE 10 and mutations in FH and another complement inhibitor CD46 are associated with earlier onset of nephritis in SLE patients. 11 FH-deficient (CFH − / − ) mice spontaneously develop membranoproliferative glomerulonephritis, which is dependent on C3 activation. 12 When crossed with the MRL-lpr mouse strain, a model of lupus, the originated CFH − / − MRLlpr mice exhibit accelerated lupus nephritis and die at younger age than their CFH +/+ MRL-lpr littermates. 13, 14 AMD is the leading cause of visual impairment in the elderly, and the FH polymorphism Y402H is the major genetic risk factor for AMD development. 15, 16 The presence of drusen (extracellular deposits of debris) between the retinal pigmented epithelium (RPE) and the choroid of the macula is characteristic of AMD. Local inflammation including complement has a key role in drusen biogenesis 17 and there is increased apoptosis of RPE, photoreceptor and inner nuclear layer cells in AMD. 18 By investigating the significance of FH-apoptotic cell interaction in these two settings, we found that FH is specifically internalized in an active manner by early apoptotic cells and that it increases the cleavage and deposition of endogenous C3, facilitating opsonization. Further, FH binds to nucleosomes in and released from apoptotic cells and alters the cytokine profile of phagocytes after nucleosome uptake, in an anti-inflammatory direction. temperature-dependently internalized by Jurkat T cells (Figures 1a and b) . To exclude passive diffusion, internalization of other apoptotic cell-binding proteins such as C4b-binding protein, C1q and protein S was tested. None of these became internalized at physiological concentrations as shown for protein S, which is only half the size of FH (Figures 1a and b) . This strongly suggests that FH is specifically internalized by apoptotic Jurkat T cells.
To assess whether FH internalization is a general phenomenon, RPE cells were rendered apoptotic and incubated with pHrodo-labeled FH and protein S. The specific internalization of FH but not protein S was confirmed ( Figure 1c) .
Next, we investigated which apoptotic cell populations internalize FH. We previously demonstrated that late apoptotic cells bind FH with the strongest intensity whereas the binding to live cells is negligible. 1, 5 As anticipated of an active process, early (annexin A5 positive) but not late (annexin A5 and ViaProbe positive) apoptotic cells internalized FH (Figure 1d ).
To further visualize FH internalization, apoptotic Jurkat T cells were incubated with AlexaFluor488-labeled FH (green) while the nuclei were counterstained with propidium iodine (red). After 5 min incubation, FH was bound to the cell surface of almost all apoptotic cells (Figure 1e ). Of note, apoptosis induction always resulted in a mixed population consisting of 45% early and 45% late apoptotic/secondary necrotic as well as 10% live cells. After 30 min incubation, approximately half of the apoptotic cells had internalized FH while no interaction of FH with live cells was observed. The presence of FH throughout the depth of the cell was confirmed with z-stacks (data not shown). Confirming the flow cytometric observations, FH internalization did not occur or was significantly delayed when the apoptotic cells were incubated with FH at 4°C (data not shown) or in the presence of 30 mM NaN 3 ( Figure 1e ). These results reveal that apoptotic cells specifically internalize FH in an active, energy-dependent manner.
Endogenous C3 is cleaved and deposited on the surface upon apoptosis. C3 endogenously expressed by many different cell types 19 is cleaved upon complement activation into the anaphylatoxin C3a and the opsonin C3b. In serum, surface-deposited C3b will be further cleaved into iC3b by the serine protease factor I. We confirmed using qPCR that both Jurkat T cells and RPE cells expressed endogenous C3 (Figures 2a and b) . To further study C3 expression and cellular distribution at the protein level, flow cytometry was utilized. The expression of intracellular C3, determined with an anti-C3d Ab that binds to all C3 forms and cleavage fragments, did not change significantly upon apoptosis induction (Figure 3c) . However, the cell surface C3/C3d deposition increased dramatically on cells rendered apoptotic (Figure 2d ). Neo-epitope-specific antibody revealed that C3 was converted to iC3b. The intracellular iC3b level was already significantly increased after 2 h in apoptotic cells and increased further until 7.5 h after induction (Figure 2e ). The cell surface deposition was likewise significantly increased already after 2 h and increased further until 7.5 h induction (Figure 2f) . These results clearly demonstrate that C3 is endogenously present in Jurkat T cells and that it is cleaved into the opsonin iC3b, which becomes exposed on the surface upon apoptosis induction.
FH increases cleavage and deposition of endogenous C3. To investigate if endogenous C3 is affected by internalized FH, Jurkat T cells were first pre-incubated with FH and then rendered apoptotic still in the presence of FH. Strikingly, significantly more iC3b became exposed on the cell surface in the presence of FH (Figures 2g and i) . A similar impact of FH on iC3b exposure was confirmed for apoptotic RPE cells (Figures 2h and j) .
FH is stable within apoptotic cells and acts as cofactor for cathepsin L in the cleavage of C3. To estimate the time frame in which FH might function within apoptotic cells, its stability was determined by incubating 125 I-labeled FH with apoptotic Jurkat T cells and no degradation was observed (Figure 3a ). This indicates that FH is stable within the apoptotic cells over a period of at least 44 h.
The lysosomal cysteine protease cathepsin L (CTSL) cleaves C3 into C3a and C3b upon T-cell activation. 19 Upon apoptosis induction, cathepsins are released into the cytosol and remain functional as the cytosolic pH decreases. 20 To investigate a potential effect of FH on CTSL-mediated cleavage of C3, a fixed concentration of activated CTSL was incubated with 125 I-labeled C3 in the presence of increasing concentrations of FH. CTSL did not cleave C3 in the absence of FH at the chosen concentration (Figure 3b) . However, the cleavage of C3 into C3b was increased in a concentrationdependent manner by addition of FH. Upon addition of a CTSL-specific inhibitor, no cleavage was observed even in the presence of the highest FH concentration, proving the specificity of the reaction. C3b was not cleaved further into iC3b even after overnight incubation (data not shown).
The interaction between FH and CTSL was further studied using a direct binding assay. FH bound weakly, but specifically and in a dose-dependent manner to immobilized CTSL (Figure 3c ) as well as positive control 5 but not negative control (prothrombin).
Internalized FH is bound to nucleosomes. To study whether FH also binds to nucleosomes intracellularly, cells were pre-incubated with buffer, FH or α1-antitrypsin (negative control) and then rendered apoptotic for 24 h still in the presence of the proteins. Cell supernatants, lysed cytosolic fractions as well as purified mononucleosomes, mononucleosomes incubated with FH and purified FH or histone H2 were separated on an agarose gel. Ethidium bromide was used to visualize the DNA content (red signal). The gel was then blotted to a membrane and proteins were detected using specific antibodies (green signal) against FH (Figure 4a ) or histone H2B (Figure 4b ). The generated images were Figure 4a ). However, FH in the cytosolic fraction exhibited a different mobility, indicating that it is present inside the cells and bound to other components (arrowhead #1). FH incubated with mononucleosomes also migrated differently in the gel than purified FH alone (arrowhead #2). Purified histone H2A/B did not enter the gel, but histones in complex, as present in the cytosolic fraction, ran further into the gel (Figure 4b , arrowhead #3). Interestingly, a DNA band at the same height as the FH present in the cytosolic fraction appeared on the gel indicating that a higher molecular weight DNA fragment was interacting with FH (arrowhead #4).
To confirm the interaction of FH with nucleosomes, the same samples were analyzed using a sandwich ELISA capturing with an anti-histone Ab and detecting with an anti-FH Ab. Complexes of FH and histones were only detected in the supernatant (Figure 4c ) and cytosolic fractions (Figure 4d ) where FH was added before apoptosis induction.
FH induces nucleosome release in vitro. To investigate whether the presence of FH during the progression of apoptosis modifies nucleosome release, the nucleosome content in the cell supernatants was determined by ELISA. Unexpectedly, FH significantly increased the nucleosome release to the cell supernatant in both cell lines (Figures 4e and f). α1-antitrysin was used as negative control.
FH facilitates phagocytosis of nucleosomes. To test if FH affects phagocytosis of released nucleosomes by purified human peripheral blood monocytes we used flow cytometry. Nucleosomes pre-incubated with normal human serum were significantly better phagocytosed than buffer pre-incubated nucleosomes (Figure 4g ). Pre-incubation with purified FH resulted in a similar phagocytosis rate as human serum. The phagocytosis rate of nucleosomes pre-incubated with FHdepleted serum or α1-antitrypsin did not differ from nucleosomes pre-incubated with buffer. Together, these results demonstrate that FH is crucial for serum-mediated phagocytosis of nucleosomes.
FH regulates in vivo nucleosome and apoptotic cell clearance in MRL-lpr mice. To test whether CFH − / − MRLlpr mice exhibit altered nucleosome levels in serum compared to CFH +/+ MRL-lpr mice, we used a nucleosome ELISA. The nucleosome level in CFH +/+ MRL-lpr mice was not different from C57BL/6 mice ( Figure 5a ). However, CFH − / − MRL-lpr mice exhibited significantly increased nucleosome levels in their blood compared with CFH +/+ MRL-lpr mice at an age of 12 weeks. This difference was even more pronounced in the 17-19-week old mice (Figure 5b) .
Further, the amount of live T lymphocytes (CD3 125 I-labeled C3 was incubated with 23 μg/ml of the activated CTSL in the presence of increasing concentrations of FH. CTSL-specific inhibitor was added to an additional sample with highest FH concentration. Densitometric analysis is presented as means ± S.D. of n = 3 independent experiments, P-value refers to sample without addition of FH. One representative gel is displayed. (c) Binding of FH to CTSL. Increasing concentrations of FH were incubated with immobilized CTSL, osteoadherin (positive control) and prothrombin (negative control). Data are means ± S.D. of n = 3 independent experiments, P-values for CTSL refer to negative control. **Po0.01, ***Po0.001. ctr, control; CTSL-inh, cathepsin L-inhibitor; Neg, negative; Pos, positive FH bound to nucleosomes and apoptotic cells changes the cytokine profile released by phagocytes after uptake. To further investigate the role of FH on monocyte responses after phagocytosis of nucleosomes, purified mononucleosomes were pre-incubated with medium, FH or α1-antitrypsin (negative control) and added to peripheral human monocytes for 20 h. IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-17, G-CSF, GM-CSF, IFN-γ, MCP-1 and TNF-α were released by monocytes after phagocytosis of nucleosomes, whereas monocytes kept in medium alone did not release these mediators. Pre-incubation of the nucleosomes with FH strongly enhanced the release of the anti-inflammatory cytokine IL-10 in comparison with nucleosomes incubated in buffer or with α1-antitrypsin (Figure 6a) . A similar pattern was observed for IL-2 and IL-4, albeit these were present in lower concentrations. The release of the chemoattractant IL-8 was not affected by FH. Of the pro-inflammatory cytokines, IL-1β, IL-6 and TNF-α, only the latter was increased in the presence of FH, whereas the others were unaltered (Figure 6b) . IFN-γ, GM-CSF and IL-17 were significantly upregulated, whereas the chemokine MCP-1 was downregulated in the presence of FH (Figure 6c) . Accordingly, IL-10 was strongly upregulated also when monocytes were incubated with apoptotic cells pre-incubated with FH, but not pre-incubated with buffer and negative control (Figure 6d ).
FH bound to nucleosomes induces tyrosine phosphorylation of Siglec-3 and Siglec-9 in monocytes. To assess the mechanism by which FH is involved in altering the monocyte responses after phagocytosis of nucleosomes we used a tyrosine phosphorylation array. Jurkat T-cell-derived nucleosomes pre-incubated with FH or medium alone were incubated with peripheral human monocytes for 20 h and cell lysates from three donors were pooled and assessed for tyrosine phosphorylation of 59 phospho-immunoreceptors with proteome profiler arrays (Figure 7a ). Siglec-3 and Siglec-9 were strongly phosphorylated in the presence of FH (Figure 7b ).
FH binds directly to Siglec-9. To investigate the interaction of FH and Siglec-9, peripheral human monocytes were incubated with medium, FH alone and FH bound to nucleosomes. Immunoprecipitation for Siglec-9 and following WB for FH showed clearly that FH can directly interact with Siglec-9 and that the interaction is not dependent on the presence of nucleosomes (Figure 7c ).
Discussion
Complement is essential to promote clearance of apoptotic cells 21 and inefficient clearance can break tolerance and initiate autoimmunity. 22 FH bound to apoptotic cells prevents excessive complement activation but allows opsonization in order to ensure efficient removal of dying cells. In the current study, we show that FH is actively internalized by apoptotic cells, whereby it regulates cleavage and deposition of endogenous C3 at the cell surface in the form of the potent opsonin iC3b, thereby facilitating phagocytosis. In addition, FH bound to nucleosomes facilitates their phagocytosis by human monocytes, and alters the cytokine profile produced by monocytes after phagocytosis toward those considered antiinflammatory.
FH was not only internalized by Jurkat and RPE cells but also by additional leukocyte cell lines (Namalwa B cells and monocytic THP-1 cells). To our knowledge, active internalization of a specific serum protein by a dying cell is an unexplored 3 μg) were pre-incubated with buffer, 10% NHS, FH-depleted serum, 150 μg/ml FH or α1-antitrypsin for 1 h and incubated with peripheral human monocytes for 1 h and analyzed by flow cytometry. Depicted are means ± S.D. of n = 4 independent experiments, P-values refer to buffer control. *Po0.05, **Po0.01, ***Po0.001. α1-AT, α1-antitrypsin; Nuc, nucleosomes; NHS, normal human serum; SN, supernatant Factor H regulates C3 and nucleosomes in apoptosis M Martin et al phenomenon. The early apoptotic cell membrane remains intact hence excluding the passive transfer of FH into the cytosol. This was also confirmed by the lack of internalization of other tested apoptotic cell-binding proteins, including protein S, which is smaller than FH. Sodium azide blocks all ATP-dependent processes within a cell and strongly diminished FH internalization, confirming an active energydependent process.
C3, a major ligand for FH, can be produced by a variety of different cells. 4 We sought interactions of internalized FH with other intracellular complement proteins, and after observing that C3 mRNA is still expressed in apoptotic cells, we revealed a concentration-dependent increase in C3 cleavage and iC3b deposition on the cell surface in both Jurkat T and RPE cells when FH was present during apoptosis induction. C3 is stored in the endosomes of T cells and may be cleaved into biologically active C3a and C3b upon T-cell activation by the lysosomal cysteine protease CTSL. 19 CTSL and other lysosomal proteases are released into the cytosol upon apoptosis induction. 23 The fact that FH does not become degraded within the apoptotic cells implies that it remains functional after internalization. Indeed, we found that FH acts as cofactor for CTSL-mediated cleavage of C3 into C3b, which may be due to direct binding of FH to CTSL. However, even in the presence of FH, it appears that CTSL cannot process C3b to iC3b. The binding of FH to C3b is known to impart a conformational alteration in C3b, which results in a 15-fold higher affinity of factor I for C3b. 24 QPCR analysis revealed that both apoptotic Jurkat T and RPE cells express detectable amounts of factor I mRNA (data not shown). Thus the additional cleavage step into iC3b might be performed by factor I or by other proteases, during apoptosis induction.
Nucleosomes are major autoantigens and patients suffering from SLE have increased levels of nucleosomes in their blood, which are positively correlated with disease activity, particularly renal involvement. 25 During apoptosis, nucleosomes are released to the cytosol, where we now show they become coated with internalized FH. Unexpectedly, FH increased the release of nucleosomes to the cell supernatant in apoptotic cells. This process was previously suggested to prevent autoimmunity due to faster clearance of released nucleosomes. 26 Further, FH directly facilitates nucleosome phagocytosis. The in vivo findings that CFH − / − MLR-lpr mice had higher levels of serum nucleosomes in comparison with CFH +/+ MLR-lpr mice are consistent with our findings. However, it is important to note that the CFH − / − MLR-lpr mice exhibit, due to spontaneous consumption prevented normally by FH, significantly lower plasma C3 levels than their CFH +/+ littermates. Thus it is hard to judge whether the levels of circulating nucleosomes and necrotic cells are higher in CFH − / − MLR-lpr mice due to a direct effect of FH or diminished opsonization with iC3b or both.
Importantly, we found that FH not only facilitates iC3b deposition on apoptotic cells but also alters cytokine responses from monocytes, incubated with nucleosomes and apoptotic cells, in an anti-inflammatory direction. Furthermore, the FH-nucleosome induced release of GM-CSF would result in an increased production of granulocytes and monocytes and ensure the presence of professional phagocytes at the site of nucleosome release. Increased levels of IFN-γ could also stimulate the differentiation of monocytes into macrophages. The mechanism by which FH alters monocyte response appears to be in part mediated by enhanced stimulation of Siglec-3 and Siglec-9. These are Factor H regulates C3 and nucleosomes in apoptosis M Martin et al inhibitory receptors of the sialic acid-binding Ig-like lectin family, which attenuate immune responses and dampen inflammation. 27 FH binds to sialic acid 28 and seems to facilitate the interaction of cis sialic acids and siglec receptors on the monocytes, which enhances their inhibitory response.
There is a significant association between the CFH genotype, and incidences of AMD and chronic renal disease 29, 30 and these two seemingly disparate diseases may have a clinical and biological relationship. This fits very well with our hypothesis that FH internalization has an important role in facilitating opsonization, particularly in tissues such as kidneys and eyes. Both diseases are associated with an increased amount of local apoptotic cells and complement-mediated chronic inflammation. Since many autoantigens found in SLE are previously identified FH ligands, it is possible that the blockade of FH ligands by antibodies results in decreased FH internalization, leading to diminished opsonization with iC3b and release of nucleosomes without FH. This would explain the inefficient removal of apoptotic cells and would also lead to complement-mediated inflammation. The same outcome could occur when FH expression is diminished or its function altered due to mutations or polymorphisms in the gene. Interestingly, we showed previously that binding of FH to annexin A2 and histones was affected by the AMD-associated polymorphism in FH. 5 This new role of FH is endorsed by a recent study showing that the expression of human complement FH prevents AMD-like retina damage and kidney abnormalities in aged CFH − / − mice. 31 In conclusion, we have found a new intriguing function of the complement inhibitor FH in apoptotic cell clearance and handling of potential autoantigens (nucleosomes). FH becomes internalized by apoptotic cells and induces intracellular cleavage of C3, which becomes exposed on the cell surface in form of the potent opsonin iC3b, providing an additional removal signal to phagocytes. In addition, FH binds to nucleosomes, facilitates their removal and ensures release of an anti-inflammatory cytokine profile by phagocytes after uptake of nucleosomes and apoptotic cells. This new function is of significant importance where complement is dysfunctional and clearance of apoptotic cells inefficient. Internalization studies. Apoptotic cells were incubated with pHrodo-labeled proteins at 4°C and 37°C for indicated time points. Reaction was stopped by transferring cells on ice and washing with NaN 3 -containing buffer. Internalization was measured in a CyFlow Space (Sysmex-Partec, Norderstedt, Germany) flow cytometer and analyzed with FlowJo software (Tree Star, Ashland, OR, USA).
Confocal microscopy. Apoptosis was directly induced on SuperFrostPlus object slides (Menzel, Braunschweig, Germany) and indicated samples were preincubated with 30 mM NaN 3 for 10 min. All samples were incubated with 30 μg/ml AlexaFluor488-labeled FH for 30 min at 37°C, fixed and nuclei were counterstained with propidium iodine. Cells were mounted with DakoCytomation fluorescent mounting medium (Dako, Stockholm, Sweden) and images were obtained with a LSM 510 Meta confocal microscope using a × 63 oil objective and Zen 2009 software (Zeiss, Oberkochen, Germany).
Quantitative RT-PCR. TaqMan gene expression assays (Applied Biosystems; Life Technologies Europe BV, Stockholm, Sweden) were performed according to the manufacturer's instruction: C3 (Hs_00163811_m1), GAPDH (Hs_00984230_m1) and HPRT1 (Hs99999909_m1). C3 gene expression level was determined using the ΔCt method after normalization with the geometric mean of the two housekeeping genes. 32 Flow cytometry. Intracellular and cell surface staining and measurement of apoptosis and necrosis were carried out with standard techniques (Supplementary Experimental Procedures).
FH stability test. FH was labeled with
125 I according to the chloramine T technique. 33 Apoptotic Jurkat T cells were incubated for indicated time points with 125 I-labeled FH. Cells were lysed, proteins separated on 10% SDS-PAGE under reducing conditions and radioactive signal analyzed using Typhoon FLA 9500 Phosphorimager (GE Healthcare, Life Sciences, Logan, UT, USA).
Degradation assay. C3 was labeled with 125 I, CTSL was activated in 45 mM citric acid, 154 mM dibasic sodium phosphate, 1.56 mM L-cysteine, pH 6.0 (resembling cytosolic pH of apoptotic cells) for 30 min at 37°C. Twenty-three μg/ml activated CTSL were incubated with increasing concentrations of FH, 150 μg/ml C3met, 40 nM CTSL inhibitor (optionally) and 125 I-C3 for 3 h at 37°C. The reaction was stopped by addition of reducing Laemmli buffer. Cleavage fragments were separated on 4-15% Criterion Gradient Gel (Bio-Rad, Hercules, CA, USA) and analyzed as above.
Modified western blot. Jurkat T cells and nucleosomes were pre-incubated with FH, α1-antitrypsin or medium for 1 h at 37°C. Apoptosis was induced with 0.75 μM staurosporine for 24 h. The supernatant was collected after centrifugation for 10 min at 200 × g. The cytoplasmic fraction was collected after 30 min lysis of the cell pellet. Samples were loaded on agarose gel. DNA was stained with ethidium bromide and photographed with ChemiDoc MP system (Bio-Rad). Samples were blotted onto a nitrocellulose membrane (Pall) using a vacuum blotter (Boekel/ Appligene, Feasterville, PA, USA). FH was detected using goat anti-human FH Ab and histones using rabbit anti-human histone H2B Ab following HRP-labeled secondary Abs. Membranes were photographed and the images were overlaid with the DNA images.
Binding assay and ELISA. Maxisorp microtiter plates (Nunc; Life Technologies Europe BV, Stockholm, Sweden) were coated with CTSL, osteoadherin, prothrombin and rabbit anti-human histone H2B Ab over night at 4°C. After blocking, increasing concentrations of FH or samples prepared as for the modified WB were incubated for 1 h at room temperature. FH binding/FH-histone complexes were detected with goat anti-human FH Ab as above. Phagocytosis assay. pHrodo-labeled mononucleosomes were first preincubated with FH, α1-antitrypsin or medium for 1 h at 37°C and then added to monocytes for an additional hour. Monocytes were stained with mouse anti-human CD14-APC and phagocytosis was determined as gMFI of pHrodo-signal in CD14 + monocytes.
Cytokine profiling. Apoptotic cells and mononucleosomes (10 μg) were preincubated with FH, α1-antitrypsin or medium for 45 min at 37°C and added to monocytes (3 × 10 5 /sample). Supernatants were collected after 20 h and supplemented with 0.5% BSA. Cytokine levels were determined in a Bio-Plex 200 system using the Bio-Plex Pro human cytokine 17-plex assay according to the manufacturer's instructions.
Tyrosine phosphorylation of immunoreceptors. Jurkat T-cell-derived nucleosomes (100 μg) were pre-incubated with FH or medium for 45 min at 37°C and added to monocytes (3 × 10 6 /sample). Cells were lysed after 20 h and lysates of three donors were pooled for each array. Tyrosine phosphorylation of 59 immunoreceptors was determined by human phospho-immunoreceptor proteome profiler array (R&D Systems) according to the manufacturer's instructions.
Immunoprecipitation. Monocytes were incubated for 20 h with medium, 150 μg/ml FH alone and 150 μg/ml FH that was pre-incubated for 45 min with Jurkat T-cell-derived nucleosomes. Cells were lysed and Siglec-9 was pulled-down with Protein G Sepharose (GE Healthcare) coated with anti-Siglec-9 Ab. Samples and purified FH were separated on 10% SDS-PAGE under reducing conditions and blotted onto PVDV membrane (Bio-Rad) using Turbo Trans Blot (Bio-Rad). FH was detected by WB as described above.
Statistical analysis. Analyses were performed on GraphPad Prism. Data are presented as mean ± S.D. and analyzed with two-tailed t-test, one-way or two-way analysis of variance followed by Dunnett's, Tukey's or Bonferroni's multiple comparison post test, as appropriate. All experiments including monocytes were considered to be repeated measures, since different donors were used for repetitions. P-values o0.05 denoted statistical significance and are displayed as: *Po0.05, **Po0.01, ***Po0.001.
